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INTRODUCTION
The Oak Ridge National Laboratory's High Flux Isotope Reactor (HFIR) was initially put into service in 1966. It was designed with high thermal-neutron-flux regions to produce radioisotopes for medical and industrial applications. Beam tubes were also installed so that scientists could perform neutron scattering studies. A plan view of the reactor is shown in Fig. 1 . To enhance the scientific capabilities of the reactor, staff recently (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) upgraded the facility by enlarging beam tubes and adding a cold source to one beam tube. The cold source consists of an aluminum vessel containing liquid hydrogen cooled to a temperature near 20 K. The thermal-neutron flux (E < 0.104 eV) is increased more than an order of magnitude by the cold source. New neutron guides and detectors were designed and installed, and calculational analyses were performed to help guide the design process. Of concern were cooling requirements for the cold source (reasonably accurate heating rates were needed) and shielding requirements for the beam tube during operating and shutdown conditions. Calculations for the HFIR horizontal beam tube number 4 (HB4) are described, and comparisons of measured and calculated results are presented. The HFIR HB4 is a tangential beam tube that abuts and is parallel to horizontal beam tube number 1 (HB1). Beam tube HB4 begins in the beryllium reflector and passes through the water pool, the reactor vessel, and the concrete biological shield. The cold source is located near the origin of the beam tube. At the end of the beam tube, four glass guides are installed to direct the cold neutrons to the various experiments. The guides pass through the beam room and a transition building prior to their entry into the guide hall. A shield tunnel with sufficient room for maintenance and component placement surrounds the guides as they pass through the beam room and transition building. Two thick concrete bulkheads help to limit the neutron source in the guide hall to that which travels within the beam channels. A geometry model of the shield tunnel from the HB4 shutter to the guide hall was developed and modified as needed to reflect changes in design or to accommodate investigative studies. This geometry model was used with the MCNP Monte Carlo code.
REACTOR SOURCE
A major part of the heating and shielding calculations is the characterization of the reactor source. The source emanates from a highly enriched concentric fuel element, the reactor core (Fig. 2) , operating at critical conditions. Concentric control cylinders around the fuel element are moved during the ~25-day cycle to maintain criticality and power level. Reactor calculations were performed for two states of the reactor core: (1) the state when the fuel is fresh and the control cylinders are at their initial positions (beginning-of-cycle, or BOC, conditions) and (2) the state near the time the fuel is to be discharged and the control cylinders are at their maximum positions (end-of-cycle, or EOC, conditions). The material compositions of the homogenized fresh-fuel regions (BOC) were determined from the specifications given for the manufactured fuel and the volumes occupied by the fuel, cladding, and coolant. For the EOC fuel compositions, the fission distribution within the core was calculated using diffusion theory with codes from the VENTURE modular code system 2 and the BOC fuel compositions. Codes from the VENTURE system were then used to perform a burnup analysis of the fuel during the typical reactor cycle. Data from this analysis were used to determine homogenized fuel compositions for EOC conditions. Radiation quantities calculated for the BOC and EOC conditions are thought to be lower and upper bounds, respectively, for the same quantities calculated at other times during the cycle. Additionally, photon release from decaying fission products was calculated. A representative spectrum was calculated for the cycle, and the decay-photon production was incorporated into a special 235 U cross-section array. These cross sections were then used in the MCNP5 k eff calculations. The annular fuel regions are 5.4572 cm thick (2.15 in.) by 50.8 cm high (20.0 in.) in the inner region and 5.8039 cm thick (2.285 in.) by 50.8 cm high (20.0 in.) in the outer region. The inner core was subdivided into eight radial by seven axial zones, while the outer core was subdivided into nine radial by seven axial zones. There are 17 material compositions for the BOC core (8 for the inner core and 9 for the outer core) and 30 for the EOC core (12 for the inner core and 18 for the outer core). For the BOC core, there was only radial variation of the materials, with a different material in each radial band. The EOC core was coarsely subdivided into 18 RZ superzones (3 Z by 6 R), and materials were assigned to all zones within a given superzone. RZ superzones contained 2, 3, 4, 6, or 9 zones.
Although the discrete fission distributions from the VENTURE diffusion calculations could have been used, calculations in the reactor core were performed using versions of the MCNP code. The option of a k eff calculation is easier to implement in MCNP than is the option of a fixed-source calculation using a discrete spatial fission distribution from VENTURE along with the neutron and photon energy spectra from fission. With the k eff calculation, only a single MCNP calculation is needed to determine neutron and photon fluxes within the reactor system. Therefore, two k eff calculations (BOC and EOC) were performed using the material compositions from the diffusion theory calculations. For these cases, tallies from the calculations determined heating rates or dose rates in regions of interest, and the calculations also provided localized sources that could be used to analyze a much smaller portion of the full HFIR model. For the shielding calculations, equivalent point sources developed by Bucholz 3 were used to analyze the beam tube model. For the heating calculations, MCNP5 leakages across cylindrical surfaces surrounding the HB4 beam tube were binned over energy, space, and direction and then incorporated into the MCNP5 calculations via a user-written "SOURCE" subroutine. The data file was ASCII formatted so that it could be used on any computer on which MCNP5 runs. 
COLD SOURCE HEATING
During reactor operation, radiation will deposit heat in the cold source moderator and vessel. This heat, along with any mechanically induced heat, must be removed if the moderator temperature is to be kept within the optimum range. Thus, a reasonably accurate calculation of the cold source heating is needed. This heating impacts the required heat-removal capability and the reactor power level if the hot-spot temperature limit will be exceeded at a certain power level. Initial heating calculations used the full HFIR model and appropriate numbers of histories to calculate heating rates within the cold source vessel and the LH 2 moderator. A special aluminum cross-section array was used to account for photon production due to neutron capture in 27 Al and the subsequent decay of 28 Al. Special cross sections for orthohydrogen and parahydrogen at 20 K were also included. Heating was calculated using (1) the built-in heating tallies, (2) a volume tally using cross sections from the MCNP5 dosimetry library, or (3) a volume tally for which the calculated activities were folded with the average energy release per interaction (such as the 1.247-MeV beta particle release from 28 Al).
The cold source moderator and vessel were subdivided into cells, and heating was calculated in those cells so that a detailed distribution of heating within the cold source could be determined. Initially, the cold source moderator and vessel were subdivided into 30 nonvoid cells. The regions were subdivided along the axis of the beam tube and by a vertical plane parallel to and through the center of the tube. This number of cells was not adequate for supplying detailed heating distributions to the heat transfer code that would be used to calculate temperatures in the cold source aluminum vessel. Thus, an isolated beam tube model was developed for the purpose of performing faster calculations for beam tube models having finer subdivisions of the cold source. The isolated beam tube model having the same cold source cells as the full model was first calculated to determine if the results obtained agreed closely with those obtained from the full-model calculations. The results agreed closely and gave assurance that the user-written "SOURCE" subroutine was working properly. Some comparisons are shown in Tables 1-3 . Table 1 shows a comparison of the full-model results with those from an isolated beam tube calculation that used source distributions having a coarse-energy structure for all distributions; Table 2 shows a comparison of the full-model results with those from an isolated beam tube calculation that used source distributions having a fine-energy structure for all except the angular distribution; and Table 3 shows a comparison of the full-model results with those from an isolated beam tube calculation that used source distributions having a fine-energy structure for all distributions. The distributions having the fine-energy structure gave better agreement than the one having a coarse-energy structure for all distributions. However, it appears that the calculation using the fine-energy structure for all distributions except the angular distribution gave slightly better agreement than the calculation that used the fine-energy structure for all distributions. Figure 3 shows a comparison of the calculated and measured heat load for the cold source. The heating rates for cells in the LH 2 and the aluminum vessel were multiplied by the masses (in grams) of the cells and summed to obtain the calculated total heat loads. The agreement with the EOC calculations is very good, while the BOC results are lower than the measured results. One would expect better agreement with the EOC calculation because the fuel compositions quickly approach EOC conditions after fission begins. A true BOC measurement is not possible since fissioning changes the fuel compositions in a shorter time span than that required for the measurements. Significant heating of the cold source (and thus significant fissioning and changes in fuel composition) is required before an accurate measurement of the heating can be made. As previously noted, the cold source regions needed to be finely subdivided if detailed heating distributions were to be obtained from the tallied heating rates. Therefore, the cold source moderator and vessel were finely subdivided axially, radially, and azimuthally (482 cells), and heating rates were calculated for the BOC and EOC cores. Figures 4 and 5 , respectively, show plan and elevation views of the MCNP geometry model around the cold source. To enable the generation of detailed heating distributions for any spatial meshing of the cold source moderator and vessel, we developed analytical expressions for several regions of the cold source moderator and vessel as functions of axial positions, radius (if the region were thick enough), and azimuth, as well as by type of heating (neutron, photon, beta, and total). These expressions could be easily programmed into a computer code. Table 4 shows an example of MCNP5-calculated total heating over a region (the hemispherical portion of the LH 2 moderator), the heating values calculated using the fitted analytical expression, and the percent difference between the calculated and fitted values. The MCNP5-calculated values were assumed to occur at the centers of the fine-mesh regions (centroids). The regions are small enough that small deviations of the specified points from the true centroids should not result in large errors in either the fitting function coefficients or the heating values calculated using the fitting functions. Figure 6 shows a three-dimensional plot of the surface heating (in watts per cubic meter) for the cold source vessel. Figure 6 shows that the maximum heating occurs on the core side of the tube and at the axial midplane of the tube. The temperature distribution for the vessel was calculated by a thermal-hydraulics code using heating-rate distributions based on the fitting functions derived from the MCNP-calculated heating data. 4, 5 The calculated maximum temperature (hotspot) is 42.3 K and it occurs on the top of the vessel near the base of the hemispheral portion of the vessel. The allowable hotspot temperature is 150°C o about 423 K. The calculated maximum temperature is well below the allowable temperature. Thus, the cold source vessel temperature is not a limiting factor for the reactor power le r vel. The angle, θ, is measured in radians, and the radius, r, has units of centimeters.
Fig. 6. Three-dimensional heating distribution for the HFIR HB4 cold source vessel. (The units are watts per cubic meter).

SHIELDING
The HB4 beam tube has four guides that direct the cold-neutron beam to the various instruments. Initially, the four guides are together in a common casing, and three of the guides are routed through a second common casing. The common casings are rather complicated geometrically but are modeled in MCNP as steel boxes. The material regions that are not modeled could have two effects: (1) they could scatter more radiation toward the shields, and/or (2) they could partially shield radiation directed toward the shields. Whether the modeled geometry yields conservative results is not readily known. The beams are shielded by the concrete floor, the east and west side shields, and a top or roof shield. The shielding extends from the reactor's biological shield, through a beam room and a transition building, and then terminates in the guide hall. Places where the shielding joins existing structures are of concern because the imperfect mating of the two surfaces leaves gaps that allow radiation to stream outward, resulting in higher dose rates at those locations.
The shielding calculations used equivalent point sources at various locations along the axis of HB4 to simulate the reactor source, equivalence having been demonstrated by MCNP calculations. Two-dimensional and three-dimensional models of the beam tube were developed; the three-dimensional one was modeled using the combinatorial geometry software from the MORSE Monte Carlo code package. 6 For each (R, Z) mesh in the two-dimensional geometry, a ring of points at equally spaced azimuths was calculated. Uncollided fluxes and first-collision source moments were calculated and averaged over the ring. A DORT 7 calculation was performed using the two-dimensional model, the first-collision source, a very fine directional quadrature, the VELM61 cross-section library, 8 and a P 5 Legendre polynomial expansion of the scattering cross sections. A boundary flux file was written for a plane near the center of the shutter. It was felt that any structures added beyond the shutter would not cause significant changes to the source at the plane. Uncollided fluxes were added to the directional fluxes and cumulative distributions were created for source sampling by a user-written source subroutine for the MCNP4C code. 9 The output data file had a binary format and was therefore specific to a particular computer. Angular dependence was limited to the polar angle. The plane source described above served as the basis for all Monte Carlo and coupled Monte Carlo/discrete ordinates shielding calculations for the HB4 shield tunnel.
BULK SHIELDING
Plan views of the HB4 beam tube and shield tunnel are given in Figs. 7 and 8. Figure 7 shows the three regions that the beams pass through: (1) a beam room, (2) a transition building, and (3) a guide hall. Figure 8 shows a portion of the beam room, including the east (cold guide number 1, or CG1) and west (cold guide number 4, or CG4) side shields and major components involved in the shielding analyses. The general shielding thicknesses for the guides were determined without regard for any penetrations through the shields. The initially estimated shielding requirement for the walls and roof shield was 81.28 cm (32.0 in.) of a high-density concrete. The final shielding material is a hematite concrete, and the dose limit is 1 mrem/h on contact. Because the hematite concrete is a better shielding material than the original high-density concrete, the shield thicknesses in the beam room were scaled back to 71.12 cm (28.0 in.) for the west wall and 60.96 cm (24.0 in.) for the roof. For the east wall, the first portion of the wall that mated with the biological shield remained at 81.28 cm, while the second part was trimmed to 71.12 cm. In the transition building, the walls and roof are composed of ordinary 60.96-cm-thick concrete. An MCNP4C calculation was run using the plane source described above. Surface sources were written for the interior roof and side surfaces of the shield tunnel, and DORT X-Y calculations were performed using boundary sources created from the MCNP4C data by binning the data over X and Y mesh and averaging the data over the transverse dimension. The calculations were performed assuming that the shields were 81.28 cm thick. Neutron, photon, and total dose-rate contours were plotted throughout the roof and side shield mockups, and maximum and average dose rates were calculated from flux traverses at the appropriate shield depths. The calculated dose rates were then scaled by results from west side wall calculations for shield thicknesses of 81.28, 71.12, and 60.96 cm because the calculated dose rates at points inside a shield would be elevated due to backscattering from the material beyond the thickness of interest. The adjusted calculated maximum dose rates for the east wall are 0.14 and 0.81 mrem/h for neutrons and photons, respectively. The adjusted maximum calculated dose rates for the west wall are 0.051 mrem/h neutron and 0.46 mrem/h photon. Adjusted maximum calculated dose rates for the roof are 0.70 mrem/h neutron and 2.54 mrem/h photon. The adjusted calculated average neutron dose rates are 0.085, 0.38, and 0.037 mrem/h for the east side, the roof, and the west side shields, respectively. The respective calculated average photon dose rates are 0.51, 1.09, and 0.29 mrem/h. Calculated results are compared with measured results in Table 5 . For measurements made away from penetrations, the measured dose rates were listed as <0.1 mrem/h for neutrons and 0.3 (east wall) and 0.4 (west wall) mrem/h for photons. For the roof, the measured dose rates were <0.1 mrem/h neutron and 0.5 mrem/h photon. Thus, except for the roof, measurements and calculations agree and indicate that the neutron dose rates are generally 0.1 mrem/h or less. The measured photon dose rates are 0.20 to 0.87 times the maximum calculated values and 0.46 to 1.38 times the average calculated values.
One would expect the DORT results to be lower than the measured results since the DORT results represent averages over the transverse dimension. The sources for the DORT calculations were averaged over the central 60-cm (23.6-in.) span of the transverse dimension. MCNP-calculated dose rates within the tunnel at points about 9 m (29.5 ft) from the core center and 61 cm (24.0 in.) above and below the guide level differed by factors of 1.6 to 2.1 (neutron) and 1.7 to 2.4 (photon) from the dose rates at guide level. Based on these results, one would find using simple integration procedures that the averaged source would be a factor of 1.3 below the value at guide level, and one would expect the calculated dose rate to be at most a factor of 1.3 less than the measured dose rate. Except for the average photon dose rate outside the west wall, all calculated dose rates for walls in the beam room were greater than the measured values. Measured dose rates at the west shield interface with the biological shield were much higher than the calculated values. The measured values for the west side shield interface were factors of 98 and 52 higher for neutrons and photons, respectively. At the east side wall interface, measurements were higher by a factor of 10 for neutrons and 2.5 for photons. For the roof interface, the measurements were higher only by factors of 2.1 and 1.4 for neutrons and photons, respectively. The calculations assume a tight fit between the tunnel shield and the biological shield. However, the real shield configuration might include a gap that is not modeled. Visual inspection indicated tight fits all around the shield; consequently, there may be other reasons for the measured high dose rates at the shield interface.
SHIELD PENETRATIONS
The hydrogen transfer and vacuum lines pass from the HB4 tunnel through the east shield wall to equipment used to circulate the coolant or to evacuate desired regions. Two rectangular holes were left in the bulk concrete shield. After the lines were passed through the shield wall, steel plates were placed on each side of the shield wall to enclose the rectangular holes and the space around each line was filled with compactable shield materials [such as hematite sand (2.5 g/cm 3 ) and borated polyethylene balls (0.475 g/cm
3 )] to reduce radiation transmission through the shield. Plots of the MCNP geometry for the hydrogen transfer line are shown in Figs. 9 and 10. In actuality, the paths of the tubes through the shield are curved to lessen radiation streaming effects, but the tubes were modeled as straight cylinders for simplicity. The hydrogen transfer line calculation was performed with MCNP using an MCNP boundary source file at the inner surface of the shield. The vacuum line calculation was performed using DORT and two X-Y geometric models and a boundary flux file created from MCNP leakages into the shield wall. The first geometric model assumed a homogeneous reduced-density material occupying a stepped rectangular region through which the vacuum line passes. The second model included a zigzag streaming path through the region, since a uniform filling of the region could not be ensured. The measured dose rates for the hydrogen transfer line were 2.0 mrem/h neutron and 6.0 mrem/h photon (Table 5 ). These dose rates are well above the general bulk shield dose rates. The maximum calculated dose rates for the hydrogen transfer line were 0.47 mrem/h neutron and 7.15 mrem/h photon. The neutron dose rate is underpredicted by a factor of 4.3, but the photon dose rate is overpredicted by a factor of 1.19, which qualifies as good agreement with the photon measurement. The maximum measured values of the dose for the vacuum line were 2.0 mrem/h neutron and 0.6 mrem/h photon. For the simplest geometry, the maximum calculated dose rates were 6.57 mrem/h neutron and 1.21 mrem/h photon, overpredicting the measured dose rates by factors of 2.0 to 3.3. The maximum dose rates for the conservative model were 51.7 mrem/h neutron and 6.69 mrem/h photon, overpredicting the measured dose rates by factors of 11.2 to 25.9. Actually, the boundary flux was conservative since it was based on a section of the wall closer to the reactor. While the actual flux levels at the vacuum line exit may be higher because of a "fanning" out of the beam with distance, the angles of incidence on the shield are shallower than at the close-in location where the shield is slanted inward rather than outward as it is at the vacuum line exit (see Fig. 8 ). There should be much less overprediction if MCNP leakages at the vacuum line exit are used.
Where the beam room shield tunnel meets the wall for the transition building, there existed a hollow wall separating two shield sections. MCNP calculations showed the dose rates around this area to be high. Therefore, a flowable concrete fill material was proposed for placement in the hollow region and a new calculation was performed. The calculated neutron dose rates are insignificant (0.0024 mrem/h upon the roof and 0.0019 mrem/h on the side). The calculated photon dose rates are 0.84 mrem/h upon the roof and 0.29 mrem/h on the west side. The calculated roof dose rate is 1.68 times the general dose rate for the roof, and the measured value for the side is 1.38 times the calculated value. While the calculation used a material different from that used in the shield design, measurements and calculations still agreed within a factor of 2.
Shielding was also evaluated for velocity selectors at the ends of the two central cold guides (CG2 and CG3). Cold neutrons incident on the selector blades are absorbed by the blades (which contain Gd 2 O 3 ), producing mostly 1-5-MeV photons, leading to a requirement for shielding. Shield walls around the blade were joined together in steps to prevent streaming. Near-normal cold-neutron beams were modeled in DORT X-Y and R-Z input files, and the calculations were performed. Because of the X-Y geometry being infinite in one dimension, the X-Y results were not properly normalized. The dose rates from the X-Y calculation were about 30 times those from the R-Z calculation. Therefore, the X-Y dose rates were divided by 30, leaving the maximum 0.01-mrem/h surface dose rate. The measurements showed "nothing of significance." This measurement is qualitatively in agreement with the calculations since the neutron doses of 0.003 and 0.0003 mrem/h are not significant and the photon dose rates of 0.03 and 0.1 mrem/h are generally not of concern. No absolute measured dose rate less than 0.1 mrem/h was reported.
CONCLUSIONS
Shielding and heating analyses for the HFIR HB4 beam tube have been performed. The heating analyses were performed with the MCNP5 code and a modification thereof, and the shielding analyses were performed using a special version of the MCNP4C code coupled to the DORT 2-D radiation transport code. Heating within the cold source was measured, and many dose measurements were made for the shielding surrounding the HB4 neutron guides. The calculated heating rates were in very good agreement with the measurements. Except for measured results at shield interfaces or near penetrations, calculated dose rates agreed with measurements within a factor of 2 or they, like the measurements, indicated very small values (which was also the case for most neutron measurements and many photon measurements). While some measured and calculated neutron and photon dose rates agreed within a factor of 2, improved agreement could possibly be achieved with more detailed modeling of components within the shield tunnel. Shield interfaces may not be modeled accurately, particularly where shields are moveable to allow access to the tunnel. Any resultant gap could result in radiation streaming and higher dose rates at the interface.
